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RNA Editing at Arg607 Controls AMPA Receptor
Exit from the Endoplasmic Reticulum
dent. These are an activity-driven pathway that is medi-
ated by subunits containing long carboxyl termini
(GluR1, GluR4), and requiring the GluR1 PDZ motif and
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a constitutive, activity-independent pathway that is gov-NYU School of Medicine
erned by subunits containing short C termini (GluR2,New York, New York 10016
GluR3; Hayashi et al. 2000; Shi et al., 2001). The GluR2/3
pathway is thought to maintain AMPARs at the synapse
by constitutive replacement from a reserve pool.
Summary The GluR2 C terminus interacts with a number of pro-
teins, including N-ethylmaleimide-sensitive factor (NSF),
AMPA-receptor (AMPAR) transport to synapses plays which binds to a region proximal to the plasma mem-
a critical role in the modulation of synaptic strength. brane (Osten et al., 1998), and PDZ proteins, which inter-
We show that the functionally critical GluR2 subunit act with the extreme C tail (Sheng and Sala, 2001). PDZ
stably resides in an intracellular pool in the endoplas- proteins have various functions in receptor dynamics
mic reticulum (ER). GluR2 in this pool is extensively such as trafficking to synapses (Li et al., 1999; Hayashi et
complexed with GluR3 but not with GluR1, which is al., 2000), synaptic stabilization, clustering, and removal
mainly confined to the cell surface. Mutagenesis re- from synaptic sites (Sheng and Sala, 2001). GluR2 binds
vealed that elements in the C terminus including the specifically to the multi PDZ domain proteins GRIP1,
PDZ motif are required for GluR2 forward-transport ABP/GRIP2 (Dong et al., 1997, 1999; Srivastava et al.,
from the ER. Surprisingly, ER retention of GluR2 is 1998; Wyszynski et al., 1999), and to the single PDZ
controlled by Arg607 at the Q/R-editing site. Reversion protein PICK1 (Xia et al., 1999). PICK1 binds through its
to Gln (R607Q) resulted in rapid release from the pool N-terminal PDZ domain to GluR2 and to PKC (protein
and elevated surface expression of GluR2 in neurons. kinase C; Perez et al., 2001), and is involved in receptor
transport and clustering (Xia et al., 1999, 2000; Daw etTherefore, Arg607 is a central regulator. In addition to
al., 2000; Perez et al., 2001). Differential binding of GluR2channel gating, it also controls ER exit and may
interacting PDZ proteins may be a critical means tothereby ensure the availability of GluR2 for assembly
regulate receptor trafficking.into AMPARs.
Apart from playing diverse roles at synapses and cell
junctions, it has recently become evident that PDZ pro-
Introduction
teins are also required for early trafficking events such
as ER export (Fernandez-Larrea et al., 1999; Standley
AMPA-type (-amino 3-hydroxy-5-methyl-4-isoxazole- et al., 2000; Scott et al., 2001). Exit of plasma membrane
propionate) glutamate receptors mediate the majority proteins from the ER poses a rate-limiting step and is
of fast excitatory synaptic transmission in the brain. subject to tight control. This ensures that only properly
They are hetero-oligomeric cation channels composed, folded and, in the case of multimeric proteins, properly
in various combinations, of the subunits GluR1–4 assembled complexes leave the ER. It has been shown
(GluRA-D; Hollmann and Heinemann, 1994). The GluR2 for ATP-sensitive K channels that subunit stoichiome-
subunit dominates AMPAR properties (Dingledine et al., try is mediated by ER retention (Zerangue et al., 1999).
1999); its presence renders channels Ca2 impermeable In partially assembled K channel complexes, subunits
(Jonas and Burnashev, 1995), whereas AMPARs lacking expose Arg-based retention motifs (RKR), and are thus
GluR2 are Ca2 permeable. These properties of GluR2 retained. RKR motifs are shielded in fully assembled
are generated posttranscriptionally by RNA editing at functional channels, resulting in exit from the ER, and
the Q/R site in the channel-lining pore, whereby a gluta- surface expression (Zerangue et al., 1999).
mine (Q607) is replaced by an arginine in99% of post- Progress has been made in understanding distal, syn-
natal GluR2 (Sommer et al., 1991; Seeburg et al., 1998). aptic AMPAR trafficking events. However, rules govern-
In GluR1, 3, and 4, glutamine remains at this critical ing subunit assembly and the progression of distinct
position. In principal neurons, GluR2 is present in most AMPAR complexes through the secretory pathway are
channels (Jonas and Burnashev, 1995); e.g., AMPARs largely unknown. By analyzing these proximal events,
in hippocampus consist mainly of GluR2/GluR1 and also we find unexpected differences in the subcellular local-
of GluR2/GluR3 heteromers (Wenthold et al., 1996), sug- ization and ER export kinetics of the GluR1 and GluR2
gesting the existence of a mechanism which ensures subunits. Whereas GluR1 receptors exit the ER and traf-
the incorporation of GluR2 into AMPARs. fic to the surface, GluR2 partly remains in the ER, sug-
Activity-dependent forms of synaptic plasticity such gesting the existence of an intracellular GluR2 reserve
as long-term potentiation (LTP) and long-term depres- pool. This pool of GluR2 appears to be extensively asso-
sion (LTD) have been shown to depend, at least in part, ciated with GluR3 but not GluR1. We show that se-
on the trafficking of AMPARs to and from synapses quence elements in the GluR2 C terminus, including the
(Malenka and Nicoll, 1999; Lu¨scher et al., 2000; Malinow PDZ motif, are required for forward trafficking. We also
et al., 2000). Recent studies suggest two distinct synap- identify motifs ruling GluR2 ER retention. Surprisingly,
tic delivery pathways that are AMPAR subunit depen- the major retention element is the Q/R-editing site in
the channel-lining pore. This site contains an Arg in
GluR2 but a Gln in GluR1; reversion to the exonically1Correspondence: ziffe01@med.nyu.edu
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Figure 1. Differential Distribution of GluR1 and GluR2 in Rat Brain
(A) Subcellular fractionation. Equal amounts of rat brain fractions were analyzed by Western blotting and probed with Abs indicated on the
right. Synaptosomes were purified over a step-gradient. Loadings were identical in all panels.
(B) Sedimentation of small ER microsomes on a continuous 0.12 M–1.2 M sucrose gradient. Equal amounts of gradient fractions were analyzed
by Western blotting with Abs indicated on the right. Fractions 4–12 are shown (no immunoreactivity was detected in the load [fraction 1] and
in fractions 2 and 3). Mature GluR2 is marked with a black arrowhead.
(C) Quantification of relative immunoreactivities in gradient fractions. Autoradiograms from (B) were quantified with NIH Image software (NIH-I).
Signals in each row were summed up and set at 100%; individual signals in each fraction are expressed as % of the total.
(D) De-glycosylation profiles of the synaptic membrane and the small microsomal ER fractions. Membranes were digested with EndoH (lanes
2 and 5), and with PNGaseF (lanes 3 and 6). Untreated, mature GluR2 is marked with a black arrowhead (lane 1); untreated, immature GluR2
with a white arrowhead (lane 4).
(E) Relative EndoH sensitivities of AMPAR subunits. PNS from total brain was concentrated at 100,000  g for 1 hr and extracted in lysis
buffer (see Experimental Procedures). The lysate was EndoH digested, blotted, and analyzed with Abs for GluR1, GluR2, and GluR3. Bands
from various exposures were quantified with NIH-I; “% mature” reflects level of maturation from the total.
encoded Gln (R607Q) in GluR2 results in rapid, GluR1- of two forms of GluR2—a high molecular weight form
like ER exit and prominent surface expression. Our data of approximately 105 kDa and a lower form of about
reveal that Q/R editing determines both AMPAR function 100 kDa (Figure 1A, top panel; see also Figure 1E). The
and traffic. upper form of GluR2 was highly concentrated in synaptic
membranes, together with the other glutamate receptor
Results subunits including GluR1 and the NMDAR subunit NR2A
(Figure 1A, lane 2). The lower form was specifically en-
riched in the small microsomal ER fraction, together withGluR1 and GluR2 Have Different Distributions
in Rat Brain the ER chaperone calnexin (lane 5) and the ER marker
ribophorin (not shown). Surprisingly, in contrast toSubcellular fractionation of rat brain revealed a differen-
tial distribution of GluR1 and GluR2, and the existence GluR2, much lower levels of other glutamate receptor
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subunits (GluR1 and NR2A) were found in this micro- Surface Crosslinking Affects the Majority of GluR1
but Only Mature GluR2somal fraction. Low molecular weight GluR2 also ap-
pears, together with calnexin, in the large microsomal To confirm our finding in a system more amenable to
further biochemical analysis, subcellular AMPAR distri-fraction and the fraction enriched in synaptic vesicles.
Further fractionation of the microsomal ER fraction butions were analyzed in primary neurons by surface
crosslinking. Surface-expressed receptors were modi-on continuous (0.12–1.2 M) sucrose gradients shows a
wide distribution of low molecular weight GluR2 (Figure fied with the membrane-impermeable crosslinker BS3
(Hall and Soderling, 1997). Crosslinked proteins form1B). This sedimentation profile closely resembled that
of calnexin, but was different from GluR1. Quantification large complexes that barely enter SDS-PAGE gels,
whereas intracellular proteins remain unaffected (e.g.,showed a fairly even distribution of GluR2 and calnexin
across the gradient, reflecting a sedimentation profile -tubulin; Figure 2A). Equal amounts of BS3 -treated
and -untreated cell lysates were analyzed for GluR1,of randomly generated vesicular structures (Figure 1C).
Since the neuronal ER extends into most distal neurites GluR2, GluR3, and NR1. Crosslinked GluR2 is evident
on the top of the gel (asterix); BS3 quantitatively removed(Terasaki et al., 1994; Spacek and Harris, 1997; Berridge,
1998), fragmentation, and the generation of widely dis- the mature form, while immature GluR2 was barely af-
fected. GluR1 levels, on the other hand, were greatlytributed ER-derived microsomes by homogenization, is
expected. In contrast, the majority of GluR1 sedimented diminished by BS3 , whereas GluR3 shows intermediate
levels of surface expression. Quantification shows thatin a peak (F8–10  1.099–1.12 g/ml), which also con-
tained high molecular weight GluR2. These peak frac- crosslinking removed 90% of the GluR1 immunoreac-
tivity, 60% of GluR3, whereas only 40% of GluR2tions also contain NR subunits indicating the presence
of synaptic membranes in the ms ER fraction. Together, signal was affected (Figure 2B). In agreement with the
analysis of glycosylation and sedimentation, this showsour gradient data further confirm a different subcellular
localization of GluR1 and GluR2. that a large proportion of GluR2 (60%) resides intracel-
lularly, whereas the majority of GluR1 is expressed on
the cell surface. NR1 distribution more closely resem-
bled the GluR1 pattern, with the majority of NR1 beingA Prominent Fraction of GluR2 Is EndoH Sensitive
To determine whether the two GluR2 forms represent located at the cell surface (80%). Similar results were
obtained with surface trypsinization experiments (datadifferentially glycosylated proteins, subcellular fractions
were treated with PNGaseF (PNGF) and Endoglycosi- not shown).
dase H (EndoH; Figure 1D). PNGF removes all Asn-linked
glycans, whereas EndoH specifically recognizes high-
mannose type sugars characteristic of peptides resident GluR2 Extensively Colocalizes with the ER Marker
BiP in Hippocampal Neuronsin the proximal secretory pathway (ER to medial-Golgi).
High-mannose type sugars are further processed within We further analyzed the subcellular distribution of GluR1
and GluR2 by immunocytochemistry (Figure 3). Hippo-the secretory pathway and most glycoproteins aquire
EndoH resistance in the medial-Golgi. Sensitivity to En- campal neurons (16–20 div) were permeabilized and
stained for endogenous GluR1 and GluR2 (panel A).doH therefore reflects the maturation state of glycopro-
teins. Figure 1D shows that GluR2 from the synaptic GluR1 staining is strongly confined to dendritic spines
and the cell periphery with lower signals in cell bodies.membrane fraction is resistant to EndoH (lane 2). The
slight shift observed after EndoH treatment probably At this developmental stage in vitro, GluR1 is clustered
and colocalizes with the synaptic marker synaptophysinreflects the presence of a residual high mannose glycan
in the mature subunit, linked to one of the four potential (Rao et al., 1998). In contrast to GluR1, GluR2 also promi-
nently occupies cell bodies and intradendritic areas (Fig-GluR2 N-glycosylation sites. Removing all N-linked gly-
cans of GluR2 with PNGF resulted in a great shift of the ure 3A). As expected, dendritic GluR2 puncta colocalize
with GluR1 in spines. To determine whether this GluR2-protein (lane 3). In contrast, EndoH treatment of GluR2
from the microsomal ER fraction resulted in a shift to specific pattern resembles the neuronal ER, we co-
stained neurons for GluR2 and the ER marker BiP (Figurea size that was indistinguishable from deglycosylated,
PNGF digested receptor (lanes 5 and 6). The lower form 3B). BiP is the most abundant ER chaperone involved
in protein folding and quality control. BiP stronglyof GluR2 is therefore immature, further indicating its
presence in the ER. The upper form represents the ma- stained cell bodies but also spread into dendrites where
specific domains were evident. GluR2 extensively over-ture protein that resides in post-ER compartments.
To compare relative amounts of immature AMPAR lapped with BiP, particularly in proximal dendrites.
GluR2-BiP clusters were also observed in distal den-subunits from brain membranes, their EndoH sensitivity
was determined using the PNS (post-nuclear superna- drites and often occurred at branch points. Colocaliza-
tion of BiP with various glutamate receptor subunits hastant), concentrated at 100,000  g (Figure 1E). Whereas
only a small fraction of GluR1 is EndoH sensitive (38%), also been observed by electron microscopy (Rubio and
Wenthold, 1999a), and biochemically (I.H.G. and E.B.Z.,up to 80% of GluR2 is immature in this fraction. GluR3
shows an intermediate level of EndoH sensitivity unpublished data; Rubio and Wenthold, 1999b). The
GluR2-specific, intracellular pattern persisted through-(61%). We find that total brain homogenate contains
higher levels of mature subunits. Interestingly, levels of out development in vitro, and was also observed in more
mature neurons (not shown). GluR1, as expected, didimmature GluR2 are much higher early in development
(data not shown). These different maturation patterns not overlap with intracellular BiP compartments (Figure
3C). These morphological data are in agreement withaccount for the different subcellular distributions of the
GluR1 and GluR2 subunits shown in Figures 1A and 1B. the biochemical findings described above.
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Figure 2. BS3 Surface Crosslinking of Primary Neurons
(A) Ten microliters of BS3 -treated () and -untreated () cell lysates from 16–19 div cultures were analyzed by Western blotting and probed
with Abs indicated on the right. The asterix (*) marks crosslinked GluR2.
(B) Quantification of intracellular subunits remaining after BS3 . Signals from (A) were compared to calibration standards (GluR2, NR1 are
shown), and quantified with NIH-I. Signals from untreated lysates were set at 100%. Bar graph shows signals remaining after BS3 ; values are
expressed as % of untreated lysate (mean  SEM; n  4).
Most of the Newly Synthesized GluR2 Remains understand the basis for this difference, we next deter-
mined GluR1 and GluR2 ER export kinetics, employingin the ER
The above data collectively demonstrate that a large [35S]-methionine/cysteine pulse-chase experiments.
Pulsing of neurons was limited to 12 min to ensure thatpool of GluR2, but not GluR1, resides in the ER. To
Figure 3. GluR2 Extensively Costains with BiP
(A) 17 div hippocampal neuron, stained for endogenous GluR1 (green) and GluR2 (red). Arrows point to costaining in spines and at the cell
surface. All three cells were permeabilized before staining; enlarged dendrites are marked with *; all scale bars are 20 m.
(B) 15 div hippocampal neuron, stained for GluR2 (red) and BiP (green). Arrows point to dendritic GluR2-BiP clusters; arrowheads to BiP-
negative, surface-expressed GluR2.
(C) 17 div hippocampal neuron, stained for endogenous GluR1 (red) and BiP (green). Arrowheads point to surface-concentrated GluR1 areas,
which are BiP negative.
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Figure 4. GluR2 Stably Resides in the ER
(A) Pulse-chase analysis. Neurons were labeled with [35S]-met/cys for 12 min and chased for the times indicated on the top. Cell lysates from
each time point were split into two parts and immunoprecipitated with Abs shown on the right. Precipitated subunits were EndoH treated,
separated on 6% SDS-PAGEs and flurographed.
(B) Cortical neurons were labeled with [35S]-met/cys for 1 hr, chased for 22 hr, and processed as in (A). At t  22 hr, GluR1 is fully mature
(0% immature GluR1 is detected); whereas 37% of GluR2 at t  22 hr is mature and 63% immature. The high molecular weight, oligomeric
subunit complexes that appear during the chase, are not considered in this quantitation.
(C) Half-life of immature GluR2. Samples were processed as in (B), but chased for up to 70 hr. Chase times are shown on the top. The broad
band of mature GluR2 is indicative of glycosylation heterogeneity often seen with complex glycans.
(D) Quantification of decaying immature GluR2 signals from (C). Gels were quantified with a Phosphor Imager (Molecular Dynamics). Pulsed
samples (0 hr) were arbitrarily set at 100%, the three remaining time points (24, 42, and 70 hr) are expressed as % of 0 hr, (mean  SEM;
n  3). The thin horizontal line denotes the half-life (50%).
(E) Sulfation of GluR2. Cortical neurons were labeled for 12 hr either with [35S]-met/cys (lanes 1 and 2), or with [35S]-sulfate (lanes 3 and 4).
Cell-lysates were IPed with GluR2-specific Ab, and samples in lanes 1 and 3 treated with EndoH. Note that sulfated samples were loaded in
4-fold excess over lanes 1 and 2.
labeled subunits were confined to the ER, cells were ture GluR2 over time, suggesting a stable retention of
this subunit in the ER. GluR1 was IPed from the samethen chased in “cold” methionine for periods up to 12
hr (Figure 4A). After cell lysis, lysates were split, GluR1 lysates (Figure 4A, bottom panel). As in the case of
GluR2, EndoH-resistant GluR1 was first detected afterand GluR2 were immunoprecipitated (IPed) and di-
gested with EndoH to reveal the maturation stage. Only 4 hr of chase. In contrast to GluR2, however, GluR1
showed a more typical precursor to end-product rela-a minor fraction of pulse-labeled GluR2 was converted
into its mature form after 4 hr of chase (top panel). tionship, with the majority converting into a mature pro-
tein. Less than 10% of initially labeled GluR1 remainedAlthough the level of the mature form further increased
with time, the majority of the immature form was not immature after 12 hr. Further, by labeling neurons for
30 min followed by an extended, 22 hr chase (Figureconverted even after 12 hr of chase. Quantification re-
vealed that there was no significant decrease of imma- 4B), the majority of GluR2 remained immature, whereas
Neuron
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complete maturation of GluR1 was evident after the ex- the ER, where only protein complexes with a proper
tended chase. We note the appearance of high molecu- quarternary structure pass quality control mechanisms
lar weight, DTT-resistant AMPAR complexes that are and are transported to the cis-Golgi (Hurtley and Hele-
observed during the chase, and are not seen in “pulse- nius, 1989; Ellgaard et al., 1999). To address the level
only” samples (not shown). These data show that in of heteromerization of immature GluR2, we IPed both
contrast to GluR1, the majority of GluR2 stably remains GluR1 and GluR2 from lysed, cultured neurons, EndoH
in the ER. The different subcellular distribution of these treated the precipitates, and analyzed them by Western
subunits is therefore due to a stable ER retention of blotting (Figure 5A). GluR2-Ab IPs both forms of GluR2,
GluR2. but mainly the predominating immature form (lane 5),
The unusual stability of immature GluR2 prompted us thus resembling the GluR2 pattern from neuronal lysate
to determine its half-life (t1/2) in more detail. Neurons (lane 1). In contrast, GluR1-Ab precipitates complexes
were labeled with [35S] met/cys for 1 hr and chased up in which mature GluR2 greatly predominates (lane 4).
to 70 hr. Immature GluR2 is readily detectable even after This suggests that the majority of immature GluR2 is
a 70 hr chase, together with the mature form (Figure 4C). not associated with GluR1. Indeed, analysis of the pre-
Quantification of the decaying immature GluR2 signal cipitates for GluR1 shows that GluR2 associated primar-
revealed a t1/2 of12 hr (Figure 4D), which is similar to the ily with the mature form of GluR1 (lane 5; middle panel).
t1/2 for fully assembled glutamate receptors expressed at These data indicate that mainly the trafficking fraction
the cell surface (Mammen et al., 1997; Huh and Went-
of GluR2, which aquires EndoH resistance, rather thanhold, 1999). In contrast, intracellular, unassembled NR1
the ER resident pool is associated with GluR1. The frac-(but not surface-expressed NR1) is turned over rapidly
tion of immature GluR2 that is associated with GluR1with a t1/2 of 2 hr (Huh and Wenthold, 1999). In most
(top panel; lane 4) probably corresponds to the ER-instances, proteins that fail to mature and are retained
export competent fraction seen in pulse-chase experi-in the ER are degraded by the proteasome (Brodsky and
ments (Figure 4A).McCracken, 1999; Kopito, 1999). The stability of the
GluR2, however, associates extensively with imma-immature subunit therefore suggests a physiological
ture GluR3 (Figure 5B). In contrast to GluR1, a greatsignificance for the GluR2 pool.
proportion of immature GluR3 precipitates with GluR2,
indicating significant levels of GluR2/3 complexes in theGluR2 Is Sulfated in the trans-Golgi Network
ER at steady state. GluR3 is also detected extensivelySince a large fraction of GluR2 is immature, we asked
in the microsomal ER fraction (Figure 5C). Unfortunately,whether this form reaches the cell surface. To address
the GluR3 Ab was unsuitable for IPs. Therefore, to ana-this, we labeled neurons with [35S]sulfate. Sulfation of
lyze immature GluR2 complexes further, we expressedproteins is a posttranslational modification that takes
tagged GluR1 and GluR3 subunits exogenously, usingplace in the trans-Golgi network (TGN; Baeuerle and
the sindbis virus expression system. As shown in Fig-Huttner, 1987), a distal compartment of the secretory
ure 5D, HA-GluR1 predominantly precipitated maturepathway. Sulfate is therefore a marker for proteins that
have traversed the secretory pathway and reached the GluR2, whereas Myc-GluR3 associated with both forms
TGN, where they are packaged into vesicles and trans- of GluR2, recapitulating the associations of their endog-
ported to the plasma membrane. We labeled neurons enous counterparts. As shown for endogenous GluR3
with [35S]sulfate for 12 hr, cells were lysed, and GluR2 (Figure 5B), GluR2 also precipitated significant amounts
IPed. As shown in Figure 4E, a single band is detected of immature Myc-GluR3 (Figure 5D; right panel). We
after fluorography (lane 3), demonstrating that GluR2 is conclude that the GluR2 ER pool is, at least partly, asso-
posttranslationally modified by sulfation. EndoH diges- ciated with GluR3, whereas GluR1/2 heteromers are
tion shifted this band to a position expected for mature mostly confined to post-ER compartments.
GluR2 (lane 4; compare with Figure 1D, lane 2). In con-
trast, when sister cultures were labeled with [35S] met/ GluR2 ER Exit Requires the PDZ Motif and a
cys, which is incorporated early in the secretory path- Sequence Preceding the NSF Binding Site—The
way, GluR2 is precipitated predominantly as the imma- Juxta Membrane Region Mediates ER Retention
ture form (lane 2), which is EndoH sensitive (lane 1). The
We finally wanted to identify determinants for GluR2 ER
heterogeneity of mature met/cys-labeled GluR2 reflects
retention. The GluR2 C terminus binds to a variety ofmature (post medial-Golgi) glycosylation intermediates
cytosolic proteins, and has been implicated in synapticthat are also seen on Western blots. Sulfate, in contrast,
delivery of the receptor (Shi et al., 2001). To test whetheronly labels terminally glycosylated GluR2 resulting in
this domain regulates GluR2 ER exit, we expresseda sharp, high molecular weight band. This experiment
GluR2 C-terminal mutants from sindbis virus vectors inshows that only GluR2 that has been fully converted
neurons (Figure 6A), and assessed their ability to aquireinto the maturely glycosylated form reaches the TGN,
EndoH resistance. We note that exogenous Myc-GluR2which is the site of sulfation. Taken together, immature
matures less efficiently than endogenous GluR2 (FigureGluR2 does not progress through the distal secretory
6B, left panel and lane 7). We further note that althoughpathway (and the TGN), and does not reach the cell
there is a good correlation between the ability of mutantssurface. The same conclusion has recently been
to mature and to reach the cell surface (data not shown),reached by surface biotinylation (Sans et al., 2001).
acquisition of EndoH resistance solely monitors exit from
the ER.GluR2/3 Complexes Are Detected in the ER—GluR1/2
Deletion of the entire C terminus (	49) completelyHeteromers Reside Mostly in Post-ER Compartments
abolished receptor maturation, suggesting a role for theWe next analyzed the oligomerization state of immature
GluR2. Oligomeric proteins are generally assembled in tail in ER export (Figures 6A and 6B). Since deletion
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Figure 5. Immature GluR2 Associates Exten-
sively with GluR3
(A) Endogenous GluR1 (lane 4) and GluR2
(lane 5) were IPed from 17 div neuronal ly-
sates, and EndoH digested (). 2.5% of the
input (lane 1) and depleted fractions (lysate
after GluR1 IP, lane 2; lysate after GluR2 IP,
lane 3) were not EndoH treated (). Samples
were analyzed by Western blotting, probed
with GluR2 (top panel) or with GluR1 (bottom
panels) Abs. The bottom panel is a lower ex-
posure of the GluR1 blot.
(B) Endogenous GluR2 was IPed from 15 div
neuronal lysate, EndoH digested, and blotted
with the Abs indicated.
(C) Brain fractions (equalized protein conc.)
were analyzed for GluR2 and GluR3 contents.
GluR3 is detected in ER ms. Synaptosomal
membranes (lane 3) were gained from crude
synaptosomes.
(D) Association of GluR2 with exogenously
expressed GluR1 and GluR3. Neuronal ly-
sates either uninfected (0) or infected (HA-
R1, Myc-R3) were split, IPed with Abs indi-
cated on the top, and EndoH digested (R1,
R2  enogenous GluR Abs; HA-R1  HA Ab,
Myc-R3Myc Ab). Precipitates were blotted
and analyzed with GluR2 Ab. Both forms of
GluR2 associate with Myc-GluR3, whereas
predominantly mature GluR2 associates with
GluR1 and HA-GluR1 (left panel). Precipitates
from samples infected with Myc-GluR3 were
reprobed with Myc Ab (right panel).
of virtually the entire C terminus represents a drastic expressed for 16 hr, further synthesis was then stopped
with chx, and mutants were “chased” out of the ER formodification, we confirmed our finding by analyzing
smaller deletions. Expression of mutants with 10-resi- up to 10 hr. Blocking continuous synthesis of exogenous
GluR2, followed by an extended chase, allowed a moredue deletions, spanning the C terminus, revealed three
critical elements: 	41–49, 	31–40, 	1–10 (Figure 6A). accurate detection of ER exit efficiency. In the chx
chase, wt Myc-GluR2 and AVKI matured with similarThe juxtamembrane region plays a role in ER retention,
as 	41–49 resulted in 2.5-fold increased maturation efficiencies, whereas maturation of 	1–10 and SVKE
was reduced 3- to 4-fold, confirming the previous re-compared to wt Myc-GluR2. In contrast, the extreme C
terminus (	1–10), and 	31–40, appeared to be required sults.
In summary, the C terminus is required for ER exit.for ER exit. 	31–40 resulted in dramatically reduced
maturation levels similar to 	49, while 	1–10 resulted Export is mediated by the PDZ binding site, likely
through interactions with PICK1, and an element sur-in a3-fold reduction relative to wt. Importantly, regions
31–40 contains the NSF binding site, and region 1–10 the rounding the NSF binding site. The juxtamembrane re-
gion (	41–49), however, appears to be involved in ERPDZ ligand. Analysis of the residues deleted in	31–40 in
more detail suggested that NSF is not required for GluR2 retention, as its deletion resulted in increased GluR2
maturation.maturation. NP851, 852AA (M-10), a mutation that is
known to reduce NSF binding (Osten et al., 1998), had
no significant effect, nor did replacement of the preced- Arg607 at the Q/R-Editing Site Causes
GluR2 ER Retentioning Lys (K850A; M-9). Mutation of the extreme Ile883
(I883E) abolishes all GluR2-PDZ domain interactions in Apart from the C terminus, another key difference be-
tween GluR2 and GluR1 (and GluR3, 4) lies in the porevitro (Li et al., 1999; Osten et al., 2000). This mutation
resulted in3-fold reduced maturation compared to wt region within TM2 (Figure 7A). This part of the channel,
which plays a fundamental role in AMPAR function (Din-Myc-GluR2, a level of reduction similar to that seen with
	1–10. In contrast, mutation of Ser880 to Ala (S880A), gledine et al., 1999), contains a highly charged residue
(Arg607) in GluR2 but an uncharged Gln in GluR1 (Som-which abolishes ABP/GRIP binding but allows binding
of PICK1 (Osten et al., 2000) had no effect. This finding mer et al., 1991; Seeburg et al., 1998). Charged residues
in transmembrane segments have previously been impli-indicated that out of the known PDZ proteins, PICK1 is
involved in early trafficking events. PICK1 is abundantly cated in ER retention and in the assembly of T cell
receptor subunits (Bonifacino et al., 1991; Cosson et al.,detected in the microsomal ER fraction, at levels compa-
rable to the synaptosomal fraction (contrasting with the 1991). We therefore tested the intriguing possibility that
this residue, which determines key biophysical parame-distribution of PSD-95; Figure 6C). The differential role
of PDZ proteins was confirmed with cycloheximide (chx) ters of the channel, also controls its trafficking.
Myc-GluR2 wt and the point mutant Myc-GluR2/Q“chase” experiments (Figure 6D). Sindbis GluR2 was
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Figure 6. GluR2 ER Exit Is Modulated by Elements in the C Terminus
(A) Diagram of GluR2 C-terminal mutants. The wt C tail is shown in the middle, residues comprising the NSF binding region (31–40) and the
PDZ motif (SVKI) are indicated; positively acting elements are shown as white bars, the retention region as a striped bar. Deletions are shown
as thin gray lines (top); point mutants (SVKE, AVKI, M-9) and the double alanine mutant, M-10, are below. Quantification of maturation efficiency
for each mutant (bar graph; mean  SEM). Gels from exposures within the linear range were analyzed with NIH-I. Signals from each construct
were summed up, set at 100%, and the level of maturation expressed as percentage of 100. Samples significantly different from wt are
indicated (*; p 
 0.04; n  4).
(B) Western blot illustrating maturation efficiency of mutants described in (A). Endogenous GluR2 (left panel), Myc-GluR2 mutants (right panels).
An overexposed gel is shown to visualize top bands.
(C) Equal amounts of brain fractions (crude synaptosomes, ER microsomes) were analyzed by Western blotting with Abs indicated on the
right.
(D) Western blots of GluR2 mutants chased in the presence (chx; 10 g/ml), or absence (chx) of cycloheximide. Quantification of maturation
efficiency from cells treated with chx (mean  SEM; n  3); analysis was as described in (A).
(R607Q) were expressed from sindbis vectors in primary at steady state (Figure 7A). Quantification revealed
that 30% of total Myc-GluR2/Q was EndoH resistantneurons, cell lysates were EndoH digested and analyzed
by Western blotting. Indeed, reversion to the exonically compared to 10% of Myc-GluR2 (n  6; p 
 0.02). To
determine whether the charged residue affected GluR2encoded Gln resulted in higher levels of mature GluR2
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Figure 7. Arg607 Restricts GluR2 Exit from the ER
(A) Nineteen residue sequence of TM2; the Q/R site is in bold. Western blot (middle) and quantification (right) of Myc-GluR2- and Myc-GluR2/
Q-infected lysates (mean  SEM; n  6; p 
 0.03). After 14 hr of infection, neurons were chased for 3 hr with 10 g/ml chx.
(B) Pulse-chase analysis of Myc-GluR2 and Myc-GluR2/Q. Neurons were labeled with [35S]-met/cys for 20 min and chased for the times
indicated on the top. Gels were quantified with a PhosphorImager; % maturation of the total was plotted (middle). Percent maturation after
5 hr of chase (mean  SEM; n  7; p 
 0.0001). We note that the lower signal for Myc-GluR2/Q at t  0 reflects experimental variation and
was not consistently observed.
(C) Hippocampal neurons (16 –21 div) were stained live for surface Myc (green), followed by fixation and permeabilization for total Myc (red).
Quantification of Myc surface expression was measured as the ratio of surface (green) to cell area (red). Bar graph shows mean  SEM; n 
45; p 
 0.001. Scale bar is 20 m.
(D) Quantification of HA-GluR1 and HA-GluR1/R (Q600R) surface expression in neurons. HA surface expression was determined as above (C).
Bar graph shows mean  SEM; n  49; p 
 0.0001.
ER export kinetics, we performed [35S]-met/cys pulse- up to 70% of the receptor being mature after 9 hr (Figure
7B, line graph). We find that 50% of Myc-GluR2/Qchase experiments (Figure 7B). Exogenous Myc-GluR2
showed incomplete conversion to the mature form, simi- matured within 5 hr of chase (n  7, p 
 0.0001; Figure
7B, bar graph), compared to 25% of wt Myc-GluR2.lar to endogenous GluR2 (see Figure 4A). Only 28%
of total Myc-GluR2 was mature after 9 hr of chase. In 	41–49 (see previous section) showed intermediate lev-
els of maturation in these experiments (35% after 5 hrmarked contrast, the pore mutant converted rapidly with
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Figure 8. Model for Assembly and Trafficking
of AMPARs
Retention of GluR2 (arbitrarily shown as ho-
modimer) is mediated by Arg607, possibly in-
volving a charge-dependent interaction with
a retention factor. Formation of fully assem-
bled heteromers results in ER exit, analogous
to the model of Zerangue et al. (1999). Excess
of ER-located GluR2 may ensure uptake of
this subunit into AMPARs. GluR2/GluR1 het-
eromers exit more efficiently (see Figures 5A
and 5B), possibly driven by SAP97 interac-
tions; they require activity for the final synap-
tic insertion step. GluR2/GluR3 heteromers
exit less efficiently, possibly due to the lack
of SAP97; these receptors do not require ac-
tivity for exocytosis.
of chase; data not shown). To test whether the increased for RNA editing and the insertion of Arg607 at the pore
apex.ER transport rates of Myc-GluR2/Q also correlated with
expression at the cell surface, we carried out immunocy-
tochemical analysis of infected neurons. 17–21 div hip-
Subcellular Distribution of AMPAR Subunitspocampal neurons were infected for 18 hr, exogenous
and ER Export KineticsGluR2 at the cell surface was then detected by live
GluR1/2 heteromers are predominant AMPAR hetero-staining followed by fixation and permeabilization to
mers, at least in CA1/2 of hippocampus (Wenthold et al.,visualize total exogenous GluR2 (Figure 7C). Correlating
1996). We were therefore surprised to find differences inwith increased levels of mature GluR2 at steady state,
the distribution of these subunits by subcellular fraction-the pore mutation resulted in elevated surface expres-
ation, an observation that has recently been supportedsion of Myc-GluR2/Q; the increase was2-fold (n  45;
(Lee et al., 2001). GluR2 is found extensively in intracellu-p 
 0.001), demonstrating progression of the mutant
lar membrane fractions, characterized by an ER-typebeyond the ER through the entire secretory pathway.
glycosylation pattern. GluR1, in contrast, is concen-To investigate further whether Arg at the pore apex more
trated, fully glycosylated, in synaptic membrane frac-generally affects trafficking, we mutated the corre-
tions. In line with this finding, a greater fraction of GluR2sponding Gln in GluR1 to Arg (Q600R). Indeed, surface
in brain is EndoH sensitive when compared to GluR1.levels of HA-GluR1/R (Q600R) were reduced 1.5-fold
We find that the absolute levels of EndoH sensitivity(n  49; p 
 0.0001) relative to wt HA-GluR1 (70%
depend on developmental stage since higher levels ofsurface HA-GluR1/R; Figure 7D). The difference in sur-
immature GluR2 are detected in embryonic brain, andface expression levels is greater between GluR2 (R/Q)
also on PNS preparation conditions. The difference be-than for GluR1 (R/Q). Introducing an Arg into the GluR1
tween maturation of GluR1 and GluR2, however, is al-pore, however, significantly reduced surface trafficking.
ways observed. These findings could be reproduced inTherefore, the newly identified signal appears to be ef-
dissociated primary neurons, where 60% of GluR2 isfective also in a different context.
intracellular in contrast to 10% of GluR1. GluR3 was
more equally distributed between surface and intracellu-
lar compartments in these experiments. Hall and Soder-Discussion
ling (1997) also reported higher levels of surface GluR1
than GluR2 in related experiments. Their estimate forHere we report that Arg607 at the Q/R-editing site plus
motifs in the C terminus establish a stable ER pool of GluR1 was, however, lower than what we find (61% 
2% GluR1, 43%  2% GluR2). Differential distributionsGluR2 that may make this critical subunit available for
channel assembly. Mutation of Arg to the exonically of subunits were also evident on a morphological basis,
where GluR2 prominently colocalized with BiP withinencoded Gln (R607Q) resulted in rapid, GluR1-like ER
export of GluR2. Our data show that control of channel dendrites, which was not observed with GluR1. A molec-
ular explanation for these findings lies in the maturationfunction and trafficking have converged onto this key
residue. This provides a novel functional significance kinetics of receptor subunits: GluR1 shows almost com-
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plete conversion into a mature protein within 12 hr, residue at 3 (YxxLxxR). Residue A841 in GluR2 (which
is a Ser in GluR1) lies within a similar sequence. Furtherwhereas the bulk of GluR2 remains EndoH sensitive, in
a stable state. dissection of this sequence will be necessary to under-
stand its function fully.
The most striking control of ER traffic is exerted byDistinct Trafficking of AMPAR Heteromers
Arg607 at the Q/R-editing site. Mutation of Arg to GlnImmature GluR2 appeared to be complexed extensively
resulted in GluR1-like ER exit and increased surfacewith GluR3 but not with GluR1, suggesting significant
expression of GluR2 in neurons. Furthermore, mutationlevels of GluR2/3 in the ER. Electrophysiological studies
of the corresponding Gln in GluR1 to Arg (Q600R) causedhave suggested the existence of two distinct AMPAR
reduced surface expression of mutant GluR1, sug-populations—GluR2/1 and GluR2/3 (Shi et al., 2001).
gesting that the Q/R-editing site poses a bona fide reten-Trafficking of the former is dictated by the GluR1 C
tion signal. Arg607 is a unique signature of GluR2, whichterminus and requires activity. The latter population is
controls Ca2 permeability, channel conductance, andthought to traffic continuously, to ensure a homeostasis
rectification properties of AMPARs (Dingledine et al.,of AMPARs at active synapses. For rapid availability
1999). The finding that this residue is also a major GluR2in response to a stimulus, one would imagine GluR1/2
trafficking determinant is clearly surprising. Chargedreceptors in distal, post-ER compartments, in spatial
residues in transmembrane segments are energeticallyand temporal proximity to the site of exocytosis. For
unfavored and thus not common. They have been impli-the continuously cycling GluR2/3 pool, this may not be
cated in ER retention and degradation of TCR subunitsnecessary, and a progression from the ER through the
(e.g., Bonifacino et al., 1991), and are critical for TCRentire secretory pathway is unlikely to be a limitation.
assembly, by forming charge pairs between subunitsThe distinct requirements for synaptic insertion of the
(Cosson et al., 1991). Arg-based retention motifs havetwo types of AMPARs heteromers may explain the dif-
previously been reported, including RKR of ATP-sensi-fering subunit maturation kinetics. GluR1/2 receptors,
tive K channels (Zerangue et al., 1999), and relatedwhich need to be in proximity to the synapse, rapidly
RxR motifs in CFTR mutants (Chang et al., 1999). How-progress through the early secretory pathway, possibly
ever, these motifs are comprised of two arginines, anddriven by GluR1-SAP97 contacts (Sans et al., 2001).
are positioned outside the transmembrane segments.Synaptic insertion, however, requires activity and ap-
RKR is present on K channel  and  subunits, and ispears to have slower kinetics than GluR2 (Passafaro et
believed to control subunit stochiometry; RKR is ex-al., 2001). GluR2/3 receptors remain extensively in the
posed in retained assembly intermediates but shieldedER, providing a reserve for the continuously cycling
in fully assembled, trafficking-competent channels (Zer-pathway. Their “dwelling” in proximal compartments
angue et al., 1999). Similarly, Arg607 may be exposedmay be due to the lack of GluR1 (and SAP97; Figure 8).
in GluR2 monomers or assembly intermediates, suchWe show that the PDZ domain of GluR2 is involved in
as dimers. GluR2 may interact with a charge-sensitiveER exit, likely via interaction with PICK1. PICK1 may
chaperone/retention factor that would be replaced byconvey different trafficking kinetics onto GluR2/3 recep-
GluR1 or GluR3 during assembly (see model in Figuretors than SAP97 does. That PICK1 is involved in directing
8). In analogy to K channels, Arg607 could be maskedAMPARs from intracellular sites to synapses has been
in fully assembled AMPARs and allow forward traffic.recently proposed (Daw et al., 2000). We detect PICK1
An intriguing speculation would be that initial AMPARabundantly in the microsomal ER fraction. PICK1 is also
assembly is driven by the formation of R/Q heterodimersknown to localize to reticulate areas in heterologous
such as GluR2/1 and GluR2/3 (Mansour et al., 2001);cells that may resemble the ER (Staudinger et al., 1995;
GluR1/3 (Q/Q) heterodimers represent a minor fraction inDev et al., 1999; Perez et al., 2001). Attempts to mobilize
hippocampus (Wenthold et al., 1996). GluR2 dominatesintracellular GluR2 by chemical stimuli that mimic in-
AMPAR responses in principal neurons (Geiger et al.,creased synaptic activity (50 mM KCl, 200 M gluta-
1995), suggesting that it is incorporated into most recep-mate, 50 M NMDA) have failed (I.H.G. and E.B.Z., un-
tors. The existence of a GluR2 reserve pool, mediatedpublished data). Similar treatments were ineffective in
by Q/R site ER retention, may ensure availability of thistriggering GluR2 exocytosis, but resulted in enhanced
crucial subunit for incorporation into AMPA channelsGluR1 exocytosis (Passafaro et al., 2001). Although ki-
before exit from the ER. Interestingly, a recent study bynetics of the initial steps of GluR2/3 receptor trafficking
Manganas et al. (2001) shows a role for the shaker Kmay be slower, the final step of synaptic insertion does
pore in ER export. This suggests an unexpected newnot rely on activity and is rapid (Passafaro et al., 2001).
trafficking role for these conserved channel domains
(Wo and Oswald, 1995; Sprengel et al., 2001).GluR2 ER Retention
GluR2 Q/R editing has been shown to be crucial inMutation of two distinct sites increased GluR2 ER ex-
vivo since increasing the dose of GluR2/Q in transgenicport, the juxtamembrane segment (	41–49), and the Q/R
mice resulted in deficits in dendritic architecture to-site in TM2. 	41–49 contains a ligand-induced endocy-
gether with epileptic seizures and premature deathtosis signal (Lin et al., 2000). This sequence is highly
(Brusa et al., 1995; Feldmeyer et al., 1999). This pheno-conserved between AMPAR subunits, apart from A841
type has partly been attributed to an increase in theand A843 in GluR2, which are occupied by serines in
macroscopic AMPAR conductance (Feldmeyer et al.,GluR1. Interestingly, tyrosine-based endocytosis sig-
1999). Our data suggest that an increase in channelnals have been found to overlap with ER retention sig-
number, due to enhanced trafficking, is a possible causenals, in the TCR subunit CD3- (Mallabiabarrena et al.,
1995). The CD3- retention motif requires a hydrophobic for the observed phenotype.
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Experimental Procedures previously described and stained with the following Abs (g/ml):
polyclonal GluR1 1 g, monoclonal GluR2 1 g (Chemicon), Myc-
monoclonal (live; Santa Cruz) 4 g, Myc-polyclonal (perm.) 0.2 g;Subcellular and Sucrose Gradient Fractionations
Rotors and tubes were from Beckman. Rat brains were homoge- BiP serum 1:1000. For all biochemical experiments, cells were used
at a ratio of cortex: hippocampus  3:1. Cells were plated at 2.7 nized in a glass dounce with 10 strokes in homogenization (Hom)
buffer (0.32 M sucrose, 10 mM Hepes-NaOH pH 7.2, 1x proteinase 106 /10 cm dish.
Recombinant sindbis viruses (Invitrogen) were constructed byinhibitor cocktail [PI; Roche]; 10 ml/brain). Homogenates were
cleared twice at 1000 g for 10 min, the resulting PNS was concen- PCR as described (Osten et al., 2000). Neurons were infected with
comparable titers for 17–19 hr, cells were then washed three timestrated at 9000  g for 15 min. The P2 pellet (crude synaptosomes)
was resuspended in 7 ml Hom buffer for the purification of synapto- with cold PBS, and lysed (above). Lysates were EndoH digested
and separated by 7% SDS-PAGE, blotted, and analyzed with 1 g/somes (Huttner et al., 1983; see below). Sn2 was concentrated at
31,000  g for 20 min, resulting in P3 (large microsomal fraction) ml anti-myc Abs (Santa Cruz).
Images were acquired on a Nikon PCM 2000 confocal microscope,and Sn3, which was concentrated at 200,000  g giving P4 (small
microsomal fraction). P2 was layered onto discontinuous step gradi- and analyzed using Simple32 Imaging software. To analyze surface
expression of Myc-GluR2/HA-GluR1, cell areas were defined as theents consisting of 1.2 M, 1.0 M, and 0.8 M sucrose-Hepes buffer
and centrifuged in a SW-41 rotor at 58,000  g for 2 hr. Purified extent of total Myc/HA staining, and total intensity was measured
in this area. The ratio of surface signal to cell area was calculated.synaptosomes were collected from the 1.0–1.2 M interphase and
osmotically shocked to release synaptic vesicles. Osmotic shock, In a given experiment, data for 40 cells were collected, error bars
reflect standard error of mean, and Student’s t tests performed tocentrifugations to yield synaptic membranes, and synaptic vesicles
were as descibed by Huttner et al. (1983). P4 was dissolved in 0.06 determine significance (p 
 0.05, two-tailed distribution).
M sucrose-Hepes buffer, homogenized five times through a 26G
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